Matrix-assisted pulsed laser evaporation direct-write (MAPLE-DW) is a laser-based method of directly writing mesoscopic patterns of electronic materials. Patterns of composite BaTiO 3 /SiO 2 /TiO 2 dielectric material were written onto Pt/Au interdigitated-electrode test structures, with precise control over final dielectric properties. Scanning electron microscopy indicates random close-packed structures of BaTiO 3 and SiO 2 particles, with interstitial spaces partially filled with titania. Depending on the BaTiO 3 :silica ratio, the dielectric constant ranged from 5 to 55 and followed a 4-component logarithmic rule of mixing. This work demonstrates that the transfer process and the final material properties of MAPLE-DW oxide materials are largely decoupled.
I. INTRODUCTION
The use of miniaturized electronics in all areas of technology has increased exponentially in recent years. This has created enormous, diversified markets for electronic devices. Issues such as performance, size, weight, and cost have created a need for new fabrication technologies and materials, from the chip level to the system level. An acceleration of product cycles, an increased number of limited-production products, and the desire for just-intime manufacturing, all have placed strain on traditional development methods. While simulations are widely used to improve the design cycle, prototyping will always be necessary. This has created a need for electronics rapid prototyping technologies, similar to those used in structural metallurgy and polymer applications. 1, 2 Recently, the technical approach of laser-induced forward transfer (LIFT) 3 and the materials transfer process of matrix-assisted pulsed laser evaporation (MAPLE) 4 have been integrated to create a deposition method known as MAPLE direct-write (MAPLE-DW). This technique combines many of the advantages of LIFT (nonlithographic, serial or parallel deposition, laserbased), with the flexibility and "soft-transfer" characteristics of MAPLE. 5, 6 As shown in Fig. 1 , MAPLE-DW uses a focused ultraviolet laser pulse to transfer material from a coating on a transparent carrier, known as a "ribbon", onto a substrate. The ribbon-substrate separation is typically 10-100 m. The laser pulse impacts the material by propagating normally through the ribbon and striking the material/ribbon interface. The material strongly absorbs the laser light at the interface, causing extreme localized heating and evaporation of a small portion of the coating. This effect releases and propels material onto the substrate, and the result of this process has been shown to be a high-resolution transfer of material. The fundamental transfer mechanism of MAPLE-DW has not been completely investigated, and the effect of the laser-based transfer on final material properties has remained a topic of debate.
Placement of the ribbon and substrate on a micronscale resolution X-Y-Z positioning system, combined with computer aided drafting/computer aided manufacturing (CAD/CAM) control, allows the direct writing of virtually any 2-D geometry and some 3-D structures. Note that removal of the ribbon also allows in situ laser micromachining of either the substrate or the deposited material. Finally, addition of an infrared laser, as shown in Fig. 1 , could allow in situ photothermal processing. The flexible combination of additive and subtractive capabilities currently allows direct-writing of <10 micron resolution structures and is ultimately limited by the laser wavelength, specific optical components employed, ribbon-substrate separation, and light-materials interactions: It must be noted that Zergioti et al. have demonstrated submicron resolution LIFT of thin-film structures. 7 In the current form, MAPLE-DW is employed to write larger, mesoscale structures and has exchanged submicron resolution for increased transfer volumes and greater area coverage, as well as an increased ribbon-substrate separation distance that eases mechanical tolerances and facilitates the writing process.
MAPLE-DW was originally developed specifically as an electronics rapid-prototyping technology, since it operates in air, at room temperature, and without the need for masking, lithography, or etching steps. However, it has proven capable of fabricating some resistor and capacitor structures with lateral dimensions that are smaller than equivalent, packaged surface mount components. Combined with its other processing capabilities, such as the ability to write on curved surfaces, this technique may allow fabrication of electronics devices with geometries that cannot be attained by other manufacturing methods. More generally, MAPLE-DW may be used to deposit virtually any soluble material, or powder material dispersed in a polymeric matrix, onto virtually any substrate. To date, MAPLE-DW has been applied to a number of nonelectronic material systems, such as phosphors, 8 chemoselective polymers, 9 and biomaterials 10 and will likely find other applications in the future. Dielectric materials are crucial for both low-frequency (filtering, energy storage, decoupling) and highfrequency (waveguides, antenna backplanes) electronics applications. However, in component-level electronics, processing of dielectric materials presents some of the most challenging problems due to brittleness, high-processing temperatures, and microstructure-dependent properties. As a result of this, early MAPLE-DW dielectric structures exhibited almost 50% porosity, low dielectric constants, high loss tangents, and poor adhesion. 9, 11 This paper will detail recent work that demonstrates improved dielectric constant, loss tangent, adhesion properties, and low processing temperatures, as well as insight into the effect of laser-materials interactions on MAPLE-DW oxide properties.
II. EXPERIMENTAL
A. MAPLE-DW of barium titanate/titania dielectric materials MAPLE-DW materials are typically powders and nanopowders, mixed with metalorganic precursors and an organic vehicle: volatilization of the vehicle is primarily responsible for the material transfer. While the MAPLE-DW pastes used in this work are similar to screenprinting pastes used in the electronics industry, 12 the conversion temperature has been reduced significantly to allow deposition on a new class of substrate materials (e.g., papers, plastics). Also, the rheology characteristics are different due to the unique nature of ribbon fabrication and the transfer process.
BaTiO 3 (BTO)/titania inks were prepared using 150-nmdiameter BTO powder (Cabot-BT8), titanium(IV) bis(ammonium lactato dihydroxide) metalorganic precursor, ethylene glycol, and H 2 O. The mass ratio of BTO to precursor-derived titania was 10:1. De-agglomeration and suspension of the BTO particles was assured by roll or ball milling. In these experiments, an optical quartz plate was used as the ribbon support, and a 10-m wirewrapped roller bar was used to roller-coat a homogeneous layer of BTO paste onto the ribbon, with a resulting thickness of 5-10 m.
Transfer was accomplished with a Quantel Brilliant frequency-tripled, pulsed Nd-YAG laser (10-ns FWHM) operating at 10 Hz, as shown in Fig. 1 . Measured laser fluences of 0.5-1.0 J/cm 2 were found sufficient to transfer the material onto the substrate positioned underneath the BTO/titania paste layer. X-Y control was accomplished with an Aerotech DR-500 stage, and vertical positioning was controlled with an OMEC-2BF stage. BTO/titania ink was transferred onto both polished alumina and Kapton (polyimide) substrates with interdigitated electrode patterns of Cr/Au/Pt. The electrodes were fabricated by conventional contact photolithography and electron-beam evaporation and are shown in Fig. 2(a) . The metal fingers had a width of 20 m and a 10-m separation. These mesoscopic interdigitated capacitor structures required relatively large and low-resolution BTO/titania depositions, as evidenced by the lowmagnification in Figs. 2(a) and 2(b) . Therefore, the transfer onto these substrates was performed with a large 65-m square laser spot size that allowed rapid material deposition, followed by laser trimming of the edges if necessary. Heat treatment was performed at 125°C to remove any remnant vehicle (ethylene glycol and H 2 O) and then at 400°C to decompose the titania precursor. Resulting thickness was a strong function of paste rheology and ribbon preparation. Surface profiling indicates that the layer thickness of these samples was typically 1-3 m.
Optical and scanning electron microscopy indicate that individual transfers (from separate laser pulses) merged to form a continuous, homogeneous layer covering the interdigitated electrode fingers. Figure 2(c) is an electron micrograph of a representative cross section, showing the polymer substrate, metal electrode, and heat-treated BTO/titania layers. The heat-treated BTO/titania ink takes the form of a composite of BTO, titania, and porosity (air). The individual BTO particles are roughly spherical, and the layer appears to be a randomly packed body without long-range order. This suggests that the volume fraction of BTO for these materials will be closer to 0.635 rather than 0.74. 13, 14 While the volume of precursor-derived titania is insufficient to fill the interstitial volume between BTO particles, it appears that the BTO particles are partially bound together by the titania, adding to the dielectric constant and mechanical integrity. In this micrograph there is also a higher concentration of titania at the surface of the layer, perhaps caused by wicking of the precursor. The individual BTO particles in this micrograph appear identical to the nontransferred powder, suggesting minimal laser-induced degradation. After heat treatment, the resulting BTO/ titania material was found to be highly adherent to alumina substrates by the Scotch-tape test 15 but was susceptible to flaking from the Kapton substrates due to flexure.
Dielectric constant and loss tangent measurements were performed as a function of frequency from 1 MHz to 1.5 GHz, using a HP 4284 RLC meter and a HP 4219B impedance analyzer. Extraneous device parameters such as substrate dielectric constant, interdigitated finger losses, and layer thickness were accounted for to allow calculation of the intrinsic dielectric properties of the transferred layer alone, and the results for the BTO/ titania dielectric are shown in the uppermost curve of Fig. 3 . At room temperature, the composite dielectric constant is 50-55, from 1 MHz to 1.5 GHz. The measured loss tangent is less than 2% across the spectrum. The thermal coefficient of capacitance of this BTO/ titania material is shown in Fig. 4 , from −55 to 125°C, at 1 MHz and 1.5 GHz. The measurements were made with a Cascade Microtech thermal probe station. There is not a conclusive explanation for the sharp increase in TCC below room temperature at 1 MHz. However, the measurements at 1 MHz may be close to a dielectric relaxation frequency of either the BTO or titania materials. This would cause the dielectric properties to be very sensitive to moisture and temperature, and it is possible that moisture was introduced into the chamber during the measurement despite continuous flushing with dry nitrogen.
B. Control of dielectric constant in MAPLE-DW structures according to the logarithmic mixing rule
Fine control of dielectric constant and minimization of loss tangent is necessary for the successful fabrication of capacitors, waveguides, and antenna backplanes. This is typically accomplished through the use of mixtures of materials with different dielectric properties. The effective dielectric constant of a composite material, such as the structures fabricated by MAPLE-DW, may be calculated by representing the structure as an array of series or parallel capacitors or by using a volume fractionweighted logarithmic rule. Figure 5 depicts these three common methods and the resulting dielectric behavior. Finely dispersed ceramic powder/polymer systems have been shown to follow the volume fraction-weighted logarithmic mixing rule:
where k bulk is the bulk dielectric constant of the composite, k i is the dielectric constant of each component material, and v i is the volume fraction. This relationship between effective dielectric constant and packing presents both challenges and advantages to MAPLE-DW electronics fabrication. Paste composition, deposition, and processing parameters must be tightly controlled to ensure reproducibility of written dielectric structures. However, once a MAPLE-DW deposition procedure is established, small paste or processing changes could allow reproducible, controlled customization of dielectric properties in order to meet specific design goals. To examine dielectric control through composition variation, silica and hollow-alumina powders were added to the BTO/titania pastes. The same titania precursor, paste preparation, transfer conditions, and heat treatment were used as the BTO/titania pastes discussed earlier.
Scanning electron micrographs of the resulting transferred and heat-treated BTO/silica/titania (8/2/1 mass ratio) and BTO/hollow-alumina/titania (10/7.5/1 mass ratio) materials are shown in Figs. 6(a) and 6(b) , respectively. Note the relatively large size of the silica and alumina particles compared to the BTO. The fractured particles in Fig. 6(b) suggest the thin-shell nature of the hollow-alumina powder. The resulting materials exhibited a lower dielectric response. Figure 3 shows dielectric constant as a function of frequency of the BTO/titania, BTO/ hollow-alumina/titania, and BTO/silica/titania composites. Partial substitution of silica for BTO reduced the dielectric constant to 25-30, while substitution of hollow alumina reduced the dielectric constant to 5-10. Addition of alumina and silica both reduced the loss from 2% to approximately 1%, up to 1.5 GHz.
Since the hollow-alumina particles exhibited a tendency to fracture during paste preparation, it was difficult to accurately determine the volume fractions of the paste components in the final composite. Therefore, the BTO/ silica/titania system was selected for further study, and a series of BTO/silica/titania pastes was formulated in order to determine the effect of BTO:silica ratio on final dielectric properties. Due to the remaining porosity, these pastes represent a 4-material system consisting of BTO, silica, titania, and air. The theoretical bulk dielectric constant may be calculated from Eq. (1). The dielectric constants and densities of BTO, titania, and silica materials are assumed to be 500, 128, and 5 and 5.9, 4.23, and 2.5 g/cm 3 , respectively. The volume fractions of each component were estimated according to the following model. For a given BTO:silica ratio, the volumes of BTO (V BTO ) and silica powders (V sil ) were used to calculate the interstitial volume:
where p ‫ס‬ 0.635, the volume packing ratio for randomly distributed, monodispersed spheres. 13, 14 The precursorderived titania is then assumed to independently fill up this interstitial volume, and the remaining volume is considered as porosity (air). For each of these pastes, the mass of the precursor-derived titania was 0.1(BTO mass + silica mass). The calculated dielectric constant of this BTO/silica/titania system is plotted in Fig. 7 . Experimental data, from MAPLE-DW written IDCs, is also shown, for 0, 50, 70, 80, 90, and 100 BTO powder weight percent pastes. The dielectric constants of these pastes agree with the logarithmic mixing rule.
III. CONCLUSIONS
The "soft-transfer" characteristics of MAPLE-DW is evident from this work, and it appears that transferred oxide properties are not degraded. The agreement between the logarithmic mixing rule and the measured dielectric constants of these materials indicates that each material's component retains bulk dielectric properties throughout the MAPLE-DW transfer process. This is also supported by microscopy that indicates that these structures have not undergone any laser-induced sintering. Any of these effects would cause the experimental data to deviate from the logarithmic mixing rule.
MAPLE-DW is a promising fabrication method for electronic interconnects and discrete component electronics, affording capabilities not present in current technologies, and may be used to transfer mesoscopic patterns of dielectric materials with precise control of dielectric properties. In the future, it may serve both as a rapid-prototyping tool and as a production tool. MAPLE-DW may also be an attractive process for pattern creation of other complex oxides, as well as other delicate materials systems such as polymers, biomaterials, and living cells.
